continents , and by the recent establishment of an international series of conferences focusing on biocrusts. The second of these conferences, ''Second International Workshop on Biological Soil Cruts: Biological Soil Crusts in a Changing World (Biocrust 2013)'' took place in Madrid on 10-13 June 2013. This meeting brought together over 100 researchers from all the continents, who shared during 3 days the results of the most recent research on this ecosystem, and had the opportunity to discuss the status of basic and applied research on biocrusts, and further to start new research initiatives and collaborations to further develop this field further. This special issue includes 13 reviews and primary research articles that derive from communications presented at the Biocrust 2013 conference, and that reflect the wide variety of topics that biocrust researchers are studying worldwide.
The amount of information on biocrusts and their effects on ecosystems currently available has recently fostered their use to test ecological theories, particularly at community and ecosystem levels (see Bowker et al. 2010a; Maestre et al. 2012 for examples). In the first article of this issue, Bowker et al. (2014) review how biocrusts can be used as a model system in community, landscape, and ecosystem ecology. These authors discuss the main features of biocrusts that make them such a useful model system to study multiple topics in these disciplines, and exemplify how the use of biocrusts in this way can provide novel insights and refine existing theory. Büdel et al. (2014) present the European research initiative ''Soil Crust International'' (SCIN; http://www.soil-crust-international.org/), a project focusing on the biodiversity of biocrusts and on functional aspects in their specific environments in four sites located along a wide European gradient (Tabernas, Spain; Hochtor-Großglockner, Austria; Gynge Alvar, Sweden; and Homburg, Germany). In this article, the authors present some preliminary results from the project, which already point out the importance of protecting biocrusts and the development of appropriate ways to manage the biodiversity of these communities along the latitudinal and altitudinal gradient studied.
While biocrusts can be found in almost any terrestrial environment where vegetation does not cover 100 % of the soil surface, they are particularly prevalent in arid, semi-arid and dry-subhumid environments (drylands hereafter), which cover 41 % of terrestrial surface and are the home to 38 % of the global population (Safirel and Adeel 2005) . Pointing and Belnap (2014) review regional-scale impacts arising from the disturbance of dryland soils and the biocrust communities living on them. They identify the causes of disturbance, emphasize the mobilization of dust to the atmosphere as a major driver of these impacts, and discuss the negative environmental consequences for terrestrial and marine ecosystems, including potential threats to biotic communities and human health.
Major efforts of biocrust researchers have traditionally been devoted to understanding their role in controlling soil and wind erosion (e.g. Eldridge and Greene 1994; Belnap and Gillette 1998; Bowker et al. 2008) , and to study the factors influencing the hydrological behavior of biocrusts (e.g. Belnap 2006; Eldridge et al. 2010; Rodríguez-Caballero et al. 2013) . Two articles in this issue deal with these topics. Zhao et al. (2014) evaluate the response of biocrusts of different successional stages to raindrop erosivity in the northern Shaanxi province of China. Despite the large number of studies on this topic, research separating the multiple mechanisms of erosion control by biocrusts has been limited. These authors found that biocrusts dramatically improved the resistance of the soil to erosion, and that the biocrust effect varied with both biocrust species composition and the successional stage. Their results suggest that the influence of biocrusts can be incorporated into erosion models. The microstructure of the soil underneath biocrusts is one of the factors affecting their hydrological behavior (Belnap 2006) . Felde et al. (2014) investigated the change of the pore system of three different successional stages of biocrusts in the NW Negev Desert (Israel) to describe the influence of the soil microstructure of biocrusts on water redistribution. They reported that the pore system undergoes significant changes during crust succession; total porosity, as well as the pore sizes significantly increased from cyanobacteria-to lichen-and moss-dominated biocrusts, and the pore geometry changed from tortuous to straight pore shapes throughout this succession. The authors conclude that the influences of the structural properties of biocrusts must be considered to a much greater extent when investigating their hydrological behavior.
While diversity assessments of above-ground biocrust constituents, like mosses, liverworts, and lichens, have been conducted for many years (e.g. Crespo 1973; Büdel et al. 2009; Buschardt 1979; Eldridge and Tozer 1996; Gutiérrez and Casares 1994; Rogers 2006) , researchers have recently started to explore the diversity of microorganisms associated to biocrusts (e.g. Bates et al. 2010; Liu et al. 2013; Steven et al. 2013) . Two articles of this special issue deal with this topic. Elliot et al. (2014) characterized the bacterial communities of biocrusts (0-1 cm depth) and the subsurface soil (1-2 cm depth) in the Kalahari Desert (southwest Botswana) using a high throughput 16S ribosomal RNA gene sequencing approach. They found that biocrust bacterial communities were distinct with respect to vegetation type and soil depth, and varied in relation to soil carbon, nitrogen, and surface temperature. Cyanobacteria were predominant in the grass interspaces at the soil surface (0-1 cm) but rare in subsurface soils (1-2 cm depth) and under the shrubs and trees. Bacteroidetes were significantly more abundant in surface soils of all areas even in the absence of a consolidated crust, whilst subsurface soils yielded more sequences affiliated to Acidobacteria, Actinobacteria, Chloroflexi, and Firmicutes. Maier et al. (2014) present a description of the prokaryotic communities found in biocrusts formed by Psora decipiens and Toninia sedifolia in the Tabernas basin (Almería, SE Spain) using 454 high throughput 16S ribosomal RNA gene sequencing approach. As found by Elliot et al. (2014) , cyanobacteria were more abundant at the soil surface but rare in below-crust soils, whilst below-crust soils harbored significantly more Acidobacteria, Verrucomicrobia, Gemmatimonadetes, Planctomycetes, and Armatimonadetes. Additionally, Maier et al. (2014) found that bacteria were mainly present at the upper cortex of the lichen squamules and attachment organs, in what represents an interesting fungal-bacterial interaction that merits further research.
Biodiversity research with biocrusts has not been limited to the study of the taxonomic richness of their constituents, and an increasing number of researchers are focusing on other important aspects of biocrust diversity. Unlike the situation with their vascular counterparts, we know little about the diversity of ecological processes in biocrusts, despite its potential to improve our understanding of the maintenance of these ecosystems (Bowker et al. 2010b; Cornelissen et al. 2007 ). To contribute to this gap, Concostrina et al. (2014) characterized five functional traits for 31 lichens species along a rainfall gradient in Spain. They also evaluated the influence of large scale (i.e. precipitation) and small scale factors (i.e. substrate type, vegetation presence) on the functional diversity of biocrust communities. The authors found multiple trait shifts and a general increase of functional divergence with increasing precipitation. They also observed that substrate type and small scale biotic factors determined shifts in all traits studied, while these factors did not affect functional divergence as much. These findings suggest that the trait composition of biocrust communities is influenced by multi-scale abiotic and biotic factors, with environmental filtering dominating traits at large spatial scales and limiting similarity at small scales. Ruprecht et al. (2014) studied the genetic diversity of green algal partners (photobionts, chlorobionts) in the biocrust-forming lichen P. decipiens along four European sites of the SCIN project. Using phylogenetic analyses based on molecular data, they found a high chlorobiont diversity within P. decipiens, which was associated with several different species of Trebouxia and Asterochloris. Most of the chlorobiont species appeared to be cosmopolitan, but five clades were unevenly distributed between the sampling sites. The wide range of chlorobiont species observed might contribute to the observed abundance of P. decipiens in areas widely differing in their environmental conditions and geographical location, such as a semi-arid shrubland in Spain and an alpine site in the Austrian Alps.
The impacts of climate change on biocrust constituents and the ecological processes associated with them are being increasingly studied (Escolar et al. 2012; Maphangwa et al. 2012; Zelikova et al. 2012; Reed et al. 2012; Maestre et al. 2010 Maestre et al. , 2013 . Ladrón de Guevara et al. (2014) adds to this growing, but still scarce, body of literature. These authors report results from a manipulative full factorial experiment conducted in central (Aranjuez) and southeastern (Sorbas) Spain aiming to evaluate how precipitation, temperature, and biocrust cover, affect the assimilation and net C balance of biocrusts. They found that warming reduced the fixation of atmospheric C in biocrust-dominated microsites throughout the year in Sorbas. In Aranjuez, there was an interaction between the three factors: during winter, net photosynthesis was significantly greater in high biocrust cover plots under natural conditions than in the rainfall exclusion treatment. The authors also noted the importance of rainfall and non-rainfall water inputs (NRWI) on responses to the climate change treatments they employed. This work suggests that changes in NRWI regimes as consequence of global warming could have a greater impact on the carbon balance of biocrusts than changes in rainfall amounts. They also indicate that climate change may reduce the photosynthetic ability of lichens, with a consequent possible reduction of their dominance in biocrust communities in the mid-to long term. Raggio et al. (2014) also evaluated results from the simultaneous monitoring of gas exchange, chlorophyll fluorescence, and microclimatic variables, of the most abundant biocrust constituents (the lichens Squamarina cartilaginea, Diploschistes diacapsis, Toninia albilabra and P. decipiens, and the moss Didymodon rigidulus) in the Tabernas badlands (Almeria, SE Spain). Measurements during typical activity days in the field over 1 year showed a similar physiological performance of the different biocrust constituent types studied. They were active under suboptimal conditions, and the duration of activity did not different whether measured by chlorophyll a fluorescence or CO 2 gas exchange. These results open the door for the use of continuous chlorophyll a fluorescence measurements, which are becoming increasingly available (e.g. Pintado et al. 2010; Büdel et al. 2014) , to estimate the productivity of biocrusts, an important process that, however, is difficult to measure in the field (Raggio et al. 2014) .
The last two articles of this special issue are devoted to two key biocrust constituents: cyanobacteria and green algae. Williams et al. (2014) studied how cyanobacteria responded to rehydration during the dry season in the Boodjamulla National Park (Australia). They found that cyanobacteria did not recover PSII activity or CO 2 uptake after a rehydratation following a 125 day drought in 2009. Although new colonies of Nostoc grew, other cyanobacteria remained inactive, even though liverworts and lichens in the same biocrust community had responded within 24 h. The authors also collected cyanobacterial crusts during the dry season in 2010, then reintroduced them into their natural environment and exposed to rainfall during the 2011 wet season. Within 24 h, PSII in cyanobacteria from a range of crust types had resurrected, and their CO 2 uptake was verified. These results contrast with the widely accepted view that terrestrial cyanobacteria are drought tolerant and rapidly recommence photosynthesis once moisture is available, and indicate that cyanobacterial function appears to be controlled by environmental conditions other than rainfall during the dry season. In the last article in this special issue, Karsten and Holzinger (2014) review the acclimation strategies against ultraviolet radiation and dehydration of green algae, which is a major component of biocrusts, particularly in alpine habitats. These organisms serve as good model organisms to study desiccation tolerance or photoprotective mechanisms, due to their natural capacity to withstand unfavorable conditions. The authors point out the urgent need for modern phylogenetic approaches in characterizing these organisms, and molecular methods for analyzing the metabolic changes involved in their adaptive strategies.
Due to the large number of topics being investigated by biocrust researchers, this special issue cannot provide a complete, definitive overview of this body of research. Each of the topics treated in the different articles included would certainly require a special issue by itself, and some, such as the effects of biocrusts on nitrogen cycling (e.g. Belnap 2002; Barger et al. 2005; Delgado-Baquerizo et al. 2010 Hu et al. 2014) , are underrepresented here due to limitations of space. The diverse contributions included in this theme issue are, however, timely and we hope that they will advance our understanding of the important ecological roles played by biocrusts in the ecosystems where they are present, stimulate further research on these important organisms, and increase the awareness of conservationists to the importance of these systems.
